Abstract-In this paper, a high data rate Ultra-Wideband Differential Transmitted-Reference (UWB-DTR) system which is one of the best and simplest available TR scheme is analyzed over IEEE 802.15.3a Channel Model 1 (CM1). We show that these systems need equalization in high data rate mode of operation because in such a case harsh nonlinear inter symbol interference (ISI) exists and degrades performance severely. The performance of the DTR system in CM1 is derived both analytically and via simulations by taking into account noise, inter path/pulse interference (IPI), and ISI. Uniform approximation for ISI distribution is proposed for the first time which gives a closer approximation than Gaussian one. All simulation and analytical results are obtained for CM1 but generalization to other channel models is also possible.
INTRODUCTION
Ultra wideband (UWB) communication systems have gained a lot of attention in recent years for communication in future military, homeland security, and commercial applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Exploitation of the huge multipath diversity inherent in UWB systems requires a Rake receiver with many fingers that is very complex [11, 12] . It requires channel estimation, acquisition, and tracking at an extremely high precision. Rake receiver becomes more complex, taking into account that transmit/receive antennas have angle dependent responses [13] and furthermore, each multipath component undergoes a different significant distortion from reflections, refractions, and scattering unique to each path [12, [14] [15] [16] [17] [18] [19] .
Therefore, the template waveform at each rake finger must be adapted in order to be optimal. As an alternative to the complex Rake receiver for exploiting multipath diversity without channel estimation, a reference (pilot) pulse can be transmitted along with the data pulse. Time interval between pilot and corresponding data pulses must be less than the channel coherence time such that both signals experience the same channel and are distorted equally. Combining autocorrelation receiver (AcR) with UWB communication was first proposed by Immoreev and Fedotov for radar target detection purposes in [16] .
The main drawback of the AcR is the lower data rate because of the transmission of reference pulses. Sending two pulses per bit instead of one, imposes an additional 3 dB performance loss and about 50% rate penalty. This performance loss is rather high, but is acceptable compared to more practical suboptimal Rake receivers, that have limited number of fingers and imperfect channel impulse response (CIR) estimation in the presence of path dependent pulse distortion [12] and angle dependent responses of transmit/receive antennas [13] .
In order to double data rate and to reduce ISI in conjunction with a 3 dB gain in performance, the DTR scheme can be employed. The DTR scheme was first proposed in [20] which is a modification of the TR system [21] [22] [23] in this, instead of transmitting a separate pulse, the data are differentially modulated using previously sent pulses. In this paper performance analysis of the high data rate UWB-DTR system in dense multipath channels is done both analytically and via simulations by taking into account noise, IPI, and ISI. Also, probability of error (POE) performance is derived in terms of SNR over CM1. Both uniform and Gaussian approximations for ISI is considered which the former gives a closer approximation than the latter. It is shown that in the DTR system, ISI term is not zero-mean which confirms the results obtained in [12, 24, 25] . Simulation results show that integration interval has a great influence on the receiver performance. This paper continues with Section 2, in which the DTR concept is presented and its signal model in high data rate mode of operation is derived. In Section 3, the equivalent system model for the DTR system is derived, first, neglecting noise, which is then included in Section 4. Section 5 gives analytical and numerical simulation results in terms of POE to validate the derived formulae. Finally, Section 6 comprises concluding remarks.
UWB-DTR SYSTEM
In this section, the signal model is given for the UWB-DTR scheme. We employ BPSK modulation scheme throughout this paper because it outperforms the BPPM one [26] , furthermore it removes spectral spikes which leads to a smooth spectrum and as a result the BPSK-UWB-DTR scheme can easily meet the FCC imposed spectral masks on the UWB spectrum [27] . 
Transmitted Signal Model
Each data symbol {b i } ∈ B = {−1, +1}, i denoting the bit index, is differentially modulated using pulse polarities
The block diagram of the UWB-DTR transmitter is illustrated in Fig. 1 . The transmitted signal in this scheme is written as:
where w tr (t) is the transmitted pulse shape with normalized energy, and T s is the symbol duration. Fig. 2 shows a typical signaling of the UWB-DTR system. Herein, we assume that the channel changes very slowly in comparison with the symbol duration, T s ; this assumption is suitable for UWB indoor applications in which users' maximum speed is negligible. 
Received Signal Model
The block diagram of the UWB-DTR receiver structure is shown in Fig. 3 . The transmitted signal is passed through multipath channel c(t) and is corrupted by additive white Gaussian noise (AWGN), n(t). Therefore, the following signal is received (see Fig. 4 ):
where * denotes linear convolution, h(t) = w tr (t) * c(t), and n(t) is the receiver thermal noise with two sided power spectral density N 0 2 . Then, the received signal is passed through a filter with impulse response f (t) and with bandwidth W , to eliminate the out-of-band noise (see Fig. 3 ).
The signal at the output of this filter is as follows:
where g(t) = w tr (t) * c(t) * f (t), s(t) is the received noise-free signal which corresponds to s rec (t) in (2), v(t) = n(t) * f (t), and τ represents the time delay between transmitter and receiver.
Without loss of generality, we can assume that τ = 0 in order to simplify the notation. The above signal is multiplied by its T s seconds delayed replica and is integrated and sampled. Integration is performed over a time interval T i , which can be properly chosen to optimize the performance [28] [29] [30] . In this paper, the optimum value for T i is obtained numerically and it is shown that its optimum value is not greater than the symbol interval, i.e., T i ≤ T s . The output of the AcR is sampled at the symbol rate. Thus, the output of AcR for the kth symbol is given by:
To reach an analytically tractable channel model, the total number of multipath components is defined as the number of multipath arrivals with expected power within 10 dB from that of the strongest arrival. As a result the channel impulse response can be simplified to c(t) = L n=0 α n δ(t − τ n ). In IEEE 802.15.3a CM1 which is used in this paper, the Rayleigh distribution in the S-V channel model is replaced by the lognormal distribution. In this paper, in order to include IPI, the channel impulse response is normalized instead of the received signal, i.e., L n=0 |α n | 2 = 1. Replacing (3) into (4) yields:
where
In order to derive the equivalent system model, first the receiver is analyzed in the noise-free state in Section 3. Next, noise is included in Section 4.
UWB-DTR EQUIVALENT SYSTEM MODEL WITHOUT NOISE
Using the above mathematical definitions, in this case the received bandpass filtered signal can be written as:
where g(t) = w tr (t) * c(t) * f (t) is the response of the equivalent channel (including the receiver's front-end filter) to the transmitted pulse. Replacing (10) into (6) yields:
where m = T d /T s − 1 and n = T i /T s − 1 denote the number of previous and subsequent interfering pulses, respectively. Herein, T d represents the multipath delay spread of the channel. Equation (11) can be rewritten as:
This integral can be evaluated numerically if measurements or simulations of g(t) are available which is the case we study here. Fig. 4 illustrates the contribution of previous and subsequent interfering pulses on the correlation result. In a compact matrix notation, (12) can be rewritten as follows:
which represents the polarities of pulses and the last term in (14) is obtained by using the symmetric property of matrix L resulted from its definition in (16) . Using (13) , the elements of this (m + n + 1) × (m + n + 1) matrix are given by:
for all i, j ∈ {1, 2, 3, . . . , m + n + 1}. This matrix illustrates the channel response including any linear filtering, pulse distortion, and inter path/pulse interference (IPI).
UWB-DTR EQUIVALENT SYSTEM MODEL WITH NOISE
According to (5) Following [12, 24, 31, 32] , and [33] , we assume that all three noise terms at the AcR output are zero-mean Gaussian distributed random variables, provided that v(t) is zero-mean, and that the product of noise bandwidth by integration interval W T i 1, where a product of ≥ 20 gives an accurate approximation [34] .
The noise terms of the decision variable
. Employing (5) and taking into account that E{N [k]} = 0, the following expression for the variance of N [k] is obtained: (16) in which R v (τ ) = E{v(t + τ )v(t)} represents the autocorrelation function of v(t). Using some approximations, (16) can be approximated as:
where K i is defined as:
and
dt denotes the energy of g i (t) which is defined as:
in which U (t)represents the unit step function. The ISI term in (12) that is independent of noise process equals:
The mean of ISI[k] is given as:
where U [n] is the discrete unit step function. Therefore, in the UWB-DTR system ISI[k] does not depend on k and is not zero mean [12, 24, 25] . Omitting index k, and using (20) and (21) the variance of ISI is obtained as:
Assuming equally likely bits and Gaussian distribution for both ISI and noise, the probability of error (POE) for the UWB-DTR system, is obtained for a given channel realization, as:
RESULTS AND DISCUSSIONS
In this section, both analytical and simulation results are given to illustrate the POE and BER performances of the UWB-DTR scheme using both Gaussian and uniform approximations for ISI. For simulating multipath channel, IEEE 802.15.3a Channel Model 1 (CM1) is considered. We assume fully coherent detection for obtaining numerical and analytical results. A second order derivative Gaussian monopulse with τ = 0.2877 ns has been used for w tr (t), i.e., w tr (t) = [1 − 4π(t/τ ) 2 ] exp(−2π(t/τ ) 2 ). Fig. 5 shows both analytical POE and simulated BER performances of the DTR scheme versus E b /N 0 in dB for some values of the integration interval, i.e., T i . The simulation parameters are given in Table 1 . As seen from Fig. 5 , the best value for the integration interval in the DTR system obtained from both numerical and simulation results is T i = T s = 8.75 ns. Fig. 5 illustrates that the performance of the AcR in the DTR scheme is too susceptible to the integration interval. Table 1 . Simulation parameters. POE and BER performances of the UWB-DTR system for some values of the integration interval averaged over 100 CM1 channel realizations for the parameters given in Table 1 . . POE and BER performances of the UWB-DTR scheme for T i = 8.75 ns averaged over 100 CM1 channel realizations for the parameters given in Table 1 . Figure 6 shows the POE and BER performances of the UWB-DTR scheme for T i = 8.75 ns averaged over 100 CM1 channel realizations. It can be observed that ISI degrades performance severely so that the performance curves reach an error floor in high SNR regimes.
It is seen that uniform approximation for ISI distribution gives a better approximation than Gaussian one. Fig. 6 shows that Gaussian approximation for ISI distribution is too pessimistic and gives a weak upper bounds for POE.
CONCLUSIONS
In this paper, performance of the UWB-DTR communication system was analyzed. It was shown that in high data rate UWB-DTR harsh nonlinear ISI degrades performance severely. It was also shown that the UWB-DTR scheme was too susceptible against small changes in the integration interval. It was observed that Uniform approximation for ISI gives a better and closer approximation.
